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Many supplemental Se-dependent metabolic effects are mediated through the
function of selenoproteins. The full complement and relative abundance of
selenoproteins expressed by highly metabolic cattle tissues have not been
characterized in cattle. The complement and number of selenoprotein mRNA
transcripts expressed by the pituitary and liver of healthy growing beef steers
(n = 7 to 8) was characterized using NanoString methodology (Study 1). Of the
25 known bovine selenoproteins, 24 (all but SELENOH) were expressed by the
pituitary and 23 (all but SELENOH and SELENOV) by the liver. Transcript
abundance ranged (P < 0.05) over 5 orders of magnitude in the pituitary (>
10,000 for GPX3, < 10 for DIO1 and GPX2) and liver (> 35,000 for SELENOP, <10
for DIO2). Also unknown is the sensitivity of the selenoprotein transcriptome to
the form of supplemental Se. The effect of form of supplemental Se on the
relative content of selenoprotein mRNA species in the pituitary and liver of
steers grazing a Se-deficient (0.07 ppm Se) tall fescue pasture and consuming
85 g/d of a basal vitamin-mineral mix that contained 35 ppm Se as either ISe (n
= 6), organically-bound Se (SELPLEX; OSe, n = 7 to 8), or a 1:1 blend of ISe and
OSe (MIX, n = 7 to 8) was determined by RT-PCR after sequence-validating the
25 bovine selenoprotein cDNA products (Study 2). In the pituitary, Se form
affected (P < 0.05) the relative content of 9 selenoprotein mRNAs and 2
selenoprotein P receptor mRNAs in a manner consistent with a greater
capacity to manage against oxidative damage, maintain cellular redox
balance, and have a better control of protein-folding in the pituitaries of OSe
and MIX versus ISe steers. In the liver, expression of 5 selenoprotein mRNA was
affected (P < 0.05) in a manner consistent with MIX steers having greater redox
signaling capacity and capacity to manage oxidative damage than ISe steers.
We conclude that inclusion of 3 mg Se/d as OSe or MIX versus ISe, forms of
supplemental Se in vitamin-mineral mixes alters the selenoprotein
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transcriptome in a beneficial manner in both the pituitary and liver of growing
steers consuming toxic endophyte-infected tall fescue.
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Introduction

Selenium (Se) is a micronutrient that is integral to a variety
of metabolic processes, exerting many of its effects through the
function of selenoproteins (Kim et al, 2011). By definition,
selenoproteins contain selenocysteine (Sec), the 21°
proteinogenic amino acid (Gladyshev et al, 2016). To date,
there are 25 known mammalian selenoproteins. Typically,
selenoproteins are classified according to their biological
function: (1) thyroid hormone metabolism; (2) antioxidant
enzymes; (3) redox signaling; (4) protein folding, (5) Sec
synthesis; (6) Se transportation and storage; and (7) unknown.
For those selenoproteins with a known metabolic activity, the
Sec residue(s) conveys its catalytic activity (Papp et al., 2007).
Despite the importance of selenoproteins, the complete
complement and abundance of selenoprotein mRNA
transcripts comprising the transcriptome for many tissues and
species is not known, including the pituitary and liver of cattle.
Because the principal feedstuff of Kentucky’s cow-calf beef
industry is forage, the objective of Study 1 was to characterize
(NanoString analysis) the complement and number of
selenoprotein mRNA transcripts in the pituitary and liver
tissues of growing steers grazing a mixed forage pasture.

The dietary requirement of Se for beef cattle is 0.1 ppm
(NRC, 2016). However, many regions of the world contain Se-
poor soils (e.g., southeastern United States (Dargatz and Ross,
1996) and northwestern and central China (Huang et al., 2017),
resulting in concentrations of Se in grains and forages that are
too low to support optimal health and growth. In beef cattle, a
deficiency in Se causes a variety of negative effects on
reproduction (Qazi et al, 2018), growth rates (Mehdi and
Dufrasne, 2016), and physiological parameters including
increased inflammation (Matmiller et al., 2013) and reduced
immune capacity (Avery and Hoffmann, 2018). Thus, Se
supplementation of beef cattle diets is a standard production
practice in regions of the United States with Se-poor soils. The
most common form of Se supplemented in cattle diets is
inorganic Se (sodium selenite, ISe). However, the predominant
form of Se in plants is organic (primarily as selenomethionine
and Sec-derivatives), and organic forms of supplemental Se
derived from specially cultivated Saccharomyces cerevisiae
(OSe) also are available and approved for beef cattle
production (Juniper et al., 2008).
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We have been studying the effect of different forms of
supplemental Se on the physiologic capacities of cattle. An
important finding is that providing supplemental dietary Se (3
mg/day) as a 1:1 blend of ISe : OSe (MIX) to replacement beef
heifers resulted in greater Se assimilation by whole blood, red
blood cells, serum, and liver than as ISe, and equal to 100%
supplemental OSe (Brennan et al, 2011). Moreover, hepatic
transcriptome analysis in heifers indicates that MIX and OSe Se
treatments induced a greater capacity for redox potential
(Matthews et al,, 2014). The goal of study 2 was to gain
further insight into a potential mechanism (selenoprotein gene
expression) by which cattle withstand a commercially relevant
physiologic challenge. The objective of Study 2 was to test the
hypothesis that the pituitary and hepatic selenoprotein mRNA
content of steers raised on MIX versus ISe forms of supplemental
Se, and consumed MIX versus ISe forms of supplemental Se,
while undergoing summer-long consumption of toxic
endophyte-infected tall fescue, would differ. In addition, due to
the putative importance of selenoproteins to support skeletal
muscle (Castets et al,, 2010) and adipose tissue (Tinkov et al.,
2020) accretion, our original hypothesis for Study 2 included
evaluation of Se From treatment effects on selenoprotein mRNA
content in Longissimus dorsi and 12™-13" rib subcutaneous
adipose tissue. However, a freezer failure resulted in the loss of
these tissues.

Materials and methods

To avoid confusion in terminology, we have used the HUGO
Gene Nomenclature Committee recommendations to identify
the genes of selenoproteins without well-described functions by
using the “SELENO” root. In contrast, the SELENO root was not
used to identify selenoprotein genes with well-defined functions
(Gladyshev et al., 2016).

Ethics statement

All experimental procedures were approved by the
University of Kentucky Institutional Animal Care and Use
Committee. To avoid unnecessary duplication of animal
research, and to provide a greater physiological context, Study
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1 was conducted using pituitary and liver RNA isolated from the
“control” steers of Brown et al. (2009). Study 2 was conducted
using pituitary and liver RNA isolated from ISe, OSe, and MIX
treatment steers of Jia et al. (2018). The animals and data for
Study 1 and 2 are completely independent and data analyzed
within a study.

Animal models

The animal model and management regimen for steers that
yielded the pituitary and liver tissues for Study 1 has been
reported (Brown et al., 2009). Briefly, 9 growing,
predominately-Angus, beef steers (BW = 266 + 10.9 kg)
grazed a mixed forage pasture (5.7 ha) that contained a
nominal amount of toxic endophyte-infected tall fescue and
ergot alkaloids (0.023 ppm ergovaline plus ergovalanine) for 89
days. Immediately after the 89-d common grazing period, the
pituitary and liver tissues from each steer were collected over a
17-d slaughter period. Throughout both grazing and slaughter
periods, steers had continual ad libitum access to a vitamin-
mineral mix that contained 29 ppm sodium selenite.

The animal model and management regimen for steers that
yielded the pituitary and liver tissues for Study 2 have been
reported (Jia et al., 2018). Briefly, eight suckling, predominantly
Angus (100% Angus or % Angus x %4 Brangus crossed), beef
steers (BW: 182.6 + 33.9 kg, age: 165.5 + 14.2 day) were
randomly selected (n = 8) from within each of 3 herds of fall-
calving cows grazing separate toxic endophyte-infected tall
fescue mixed forage pastures and having ad libitum access to
vitamin-mineral mixes (UK Beef IRM Cow-Calf Mineral,
Burkmann Feeds, Danville, KY) that contained 35 mg/kg Se as
either ISe (sodium selenite, Prince Se Concentrate; Prince Agri
Products, Inc., Quincy, IL), OSe (SEL-PLEX, Alltech Inc.,
Nicholasville, KY), or an 1:1 blend of ISe : OSe (MIX) forms.
The 3 herds (ISe, OSe, MIX) were managed in adjacent pastures.
Calves were conceived and suckled by dams consuming ISe, OSe,
or MIX forms of supplemental Se, consumed the same form of
supplemental Se treatment as their dams during the suckling
period and the rest of the study until slaughter. After weaning
and being adapted to consume their respective supplemental Se
form vitamin-mineral mixes from in-pasture Calan gate feeders,
the twenty-four steers (n = 8 for each ISe, OSe, MIX treatments)
started a summer-long grazing (86 d) of a single 10.1-ha,
predominately toxic endophyte-infected tall fescue, mixed
forage pasture. Pasture samples were collected throughout the
grazing period, composited, and contained (dry matter basis)
0.07 ppm Se and 0.51 ppm ergovaline plus ergovalanine (Jia
et al,, 2018). The 3 Se form treatments were administered using
in-pasture Calan gate feeders. All three Se-form treatments were
manufactured from a common basal vitamin-mineral mix
(composition reported in Jia et al., 2018) to which was added
35 ppm Se (3 mg Se/85 g vitamin-mineral mix) as either ISe,
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OSe, or MIX forms of Se. Eighty-five g of the Se form-specific
vitamin-mineral mixes were top-dressed onto 227 g soybean
hulls every morning and all steers consumed all of the vitamin-
mineral mix/soybean hull mixture every day. Thus, all steers
consumed 3 mg Se/d. During the 86-d grazing period, 2 ISe
steers were removed from the study due to a bad hoof and failure
to consume its mineral treatment.

Immediately after the common 86-d grazing period, the
remaining 22 Study 2 steers were slaughtered over a 26-d period
(Jia et al., 2018). Steers continued to receive their respective 3 mg
Se/day Se treatments throughout the slaughter period. One OSe
and one MIX steer were killed on the first two slaughter days. On
the remaining six slaughter days, one steer each from ISe, OSe,
and MIX treatment groups were killed. On any given slaughter
day, steers were transported from the University of Kentucky
Research and Education Center at Princeton, KY, to the
University of Kentucky Meat Laboratory at Lexington, KY,
and allowed to rest 1 to 2 h before slaughter and had ad
libitum access to water.

Sample collection and RNA preparation

Steers were stunned by captive bolt pistol and exsanguinated.
Within 5 min of death, pituitaries were removed and placed in a
foil pack, flash-frozen in liquid nitrogen, and stored at -80°C.
Within 15 to 20 minutes of death, liver samples collected from
mid-lower right lobe were collected and frozen and stored, as
described for pituitaries. For Study 1, eight pituitary and nine
liver samples were subjected to NanoString analysis of mRNA
abundance. Two pituitaries were not used due to damage during
collection, whereas one liver sample was not used due to its being
a statistical outlier (see below). For Study 2, of the 22 steers that
finished the trial, two pituitary glands (1 OSe and 1 MIX) were
not used because of damage incurred during the collection
process. As a result, six pituitaries (n = 6) and six liver
samples (n = 6) for ISe, and seven pituitaries (n = 7) and eight
liver samples (n = 8) for both OSe and MIX treatment groups
were subjected to reverse transcription-polymerase chain
reaction (RT-PCR) analyses of relative mRNA expression.

Total RNA was extracted from the whole frozen pituitary
and liver tissue using TRIzol Reagent (Invitrogen Corporation,
Carlsbad, CA) following the manufacturer’s instructions. The
quality of the RNA concentrations were determined using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Extracted total RNA for
Study 1 (Liao et al, 2015; Li et al, 2017) and Study 2 (Jia
et al, 2018; Li et al., 2019) was of high purity, with 260:280 nm
absorbance ratios ranging from 1.71 to 2.10 and 260:230 nm
absorbance ratios ranging from 1.50 to 2.55. The integrity of the
total RNA samples was determined using an Agilent 2100
Bioanalyzer System (Agilent Technologies, Santa Clara, CA) at
the University of Kentucky Microarray Core Facility. All RNA
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samples had 285:18S rRNA absorbance ratios greater than 1.7
and RNA integrity numbers greater than 8.5.

Determination of liver Se content

For Study 2, the content of Se in liver tissue was determined
by the Michigan State University Diagnostic Center for
Population and Animal Health (DCPAH) using an Agilent
7900 inductively coupled plasma-mass spectrometer as
described previously (Wahlen et al., 2005).

NanoString analysis

Selenoprotein mRNA abundance was determined in
7) and liver (400 ng, n = 8) total
RNA using a two-step process, the NanoString Human

pituitary (500 ng, n =

miRNA Expression (miRGE) Assay kit, and custom-
designed codeset according to the manufacturer’s
instructions (NanoString Technologies, Seattle, WA, USA).
The miRGE assays simultaneously detects copies of both
miRNA and mRNA. The particular miRNA sequences
included in our customized miRGE code set are common
(mirbase.org; Kozomara et al., 2019) to both cattle and
humans. The limit of detection is > 2.5 copies miRNA and
1 copy mRNA, and the linear dynamic range of this assay is 2
x 10° total counts.

Briefly, codeset-specific DNA tags (miR-tag) were ligated
(48°C for 24 min) onto the 3’ end of each mature miRNA and
excess tags and bridges removed by restriction digestion (37°
C for 70 min). Five microliters of each sample were
hybridized (16 to 20 h at 65°C) with 10 puL of hybridization
buffer and 5 UL of Capture probes. Hybridization mixtures
were loaded into the nCounter Prep Station (NaonoString
Technologies) for purification where excess (unhybridized)
Reporter probes were removed. The abundance of specific
target molecules was determined using the nCounter Digital
Analyzer (NanoString Technologies) and 600/600 Fields of
View. The raw binding code count data were adjusted for
variability in the hybridization and purification processes,
using the nSolver Analysis Software 4.0 (NanoString
Technologies) and the average counts for all positive
control spikes in each sample (Veldman-Jones et al.,, 2015).
For the pituitary, the data (mean and standard deviation) are
expressed as adjusted mRNA transcript number (counts)
relative to the geometric mean of MARS (1,062 + 54), OAT
(4,727 £ 113), and PAPSS1 (3,466 + 119). For the liver, counts
are expressed relative to the geometric mean of GGCX (1,245
+ 75), MAT2B (2,375 + 209), and ZNF22 (110 + 8).

Frontiers in Animal Science

04

10.3389/fanim.2022.911094

Real-time reverse transcription-
polymerase chain reaction analysis

Primer sets (Table 1) for genes selected for real-time reverse-
transcription (RT) PCR analysis were designed using the NCBI
Pick Primers online program against RefSeq sequences. Real-
time RT-PCR was performed using an Eppendorf Mastercycler
ep realplex2 system (Eppendorf, Hamburg, Germany) with iQ
SYBR Green Supermix (Bio-RAD, Hercules, CA), as described
(Bridges et al., 2012). Briefly, cDNA was synthesized using the
SuperScript III 1st Strand Synthesis System (Invitrogen), with 1
g of RNA used for each reverse transcription reaction. Real-
time RT-PCR was performed with a total volume of 25 UL per
reaction, with each reaction containing 5 uL of cDNA, 1 UL of a
10 uM stock of each primer (forward and reverse), 12.5 UL of 2x
SYBR Green PCR Master Mix, and 5.5 UL of nuclease-free water.
Gene expression was analyzed by the 27**“" method (Livak and
Schmittgen, 2001). All RT-PCR reactions were conducted
in triplicate.

The resulting real-time RT-PCR products were purified
using a PureLink Quick Gel Extraction Kit (Invitrogen) and
sequenced at Eurofins Scientific (Eurofins, Louisville, KY).
Sequences were compared with the corresponding RefSeq
mRNA sequences used as the templates for primer set design.
The geometric mean of the calibrating genes was used to
normalize the relative expression of experimental genes. For
the pituitary, the three calibrating genes used were RPS11,
TFRC, and UBC. For liver, GAPDH, PCK2, and SDHA were
used. The RT-PCR data are expressed as abundance of a given
gene transcript calibrated to the geometric mean expression of
the calibrating genes and normalized to the mean expression of
the ISe treatment values.

Statistical analysis

For both studies, steer was the experimental unit. For Study
1, data (NanoString nCounter) were screened for statistical
outliers using the Principal Component Analysis of JMP Pro
(version 14; SAS Inst. Inc., Cary, NC) software. The relative
counts of iodothyronine deiodinase 1, 2 and 3; glutathione
peroxidase 1, 2, 3, 4, and 6; and thioredoxin reductase 1, 2,
and 3 mRNA species were compared within an enzyme family
by one-way ANOVA, using the GLM procedure of the SAS
statistical software package (version 9.4; SAS Inst., Inc.) and the
mRNA species being the fixed effect. Statistical significance was
declared when P < 0.05, and a tendency to differ was declared
when 0.10 > P > 0.05.

For Study 2, data were screened for statistical outliers using
the mean + 2 standard deviation as the criterion. The effects of Se
treatment on liver Se content, and the relative expression levels
of selenoprotein mRNA in pituitary and liver tissues gene
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TABLE 1 Primer sets and product identities of real-time RT-PCR analysis of reference and selenoprotein-associated genes.

Gene Gene Name

Todothyronine deiodinases

DIO1 Iodothyronine deiodinase 1
DIO2 Iodothyronine deiodinase 2
DIO3 TIodothyronine deiodinase 3

Glutathione peroxidases

GPX1 Glutathione peroxidase 1
GPX2 Glutathione peroxidase 2
GPX3 Glutathione peroxidase 3
GPX4 Glutathione peroxidase 4
GPX6 Glutathione peroxidase 6

Thioredoxin reductases

TXNRD1  Thioredoxin reductase 1

TXNRD2  Thioredoxin reductase 2

TXNRD3  Thioredoxin reductase 3

Other selenoproteins

MSRB1 Methionine sulfoxide reductase B1

SELENOF  Selenoprotein F

SELENOH  Selenoprotein H

SELENOI  Selenoprotein I

SELENOK  Selenoprotein K

SELENOM  Selenoprotein M

SELENON  Selenoprotein N

SELENOO  Selenoprotein O

SELENOP  Selenoprotein P

SELENOS  Selenoprotein S

SELENOT  Selenoprotein T

SELENOV  Selenoprotein V

SELENOW  Selenoprotein W

Frontiers in Animal Science

Template Accession Oligonucleotide Primer Design (5’
number'

NM_001122593.2

NM_001010992.4

NM_001010993.3

NM_174076.3

NM_001163139.2

NM_174077.4

NM_174770.3

NM_001163142.1

NM_174625.5

NM_174626.2

XM_015468824.1

NM_001034810.2

NM_001034759.2

NM_001321327.1

NM_001075257.2

NM_001037489.3

NM_001163171.2

NM_001114976.2

NM_001163193.2

NM_174459.3

NM_001046114.3

NM_001103103.2

NM_001163244.2

NM_001163225.1

o3l

rE AT A

= oErT oR® AW O®T

to 3’ direction)

: ATTGCCCAGTTCTAGGTGCC
CAGAAGGAAATGCAGCGTGT

GATGGGCATCCTCAGCGTAG
TTCTCCTGGGCACCATTTCC

AAGTGGAGCTCAACAGCGAT
AGTCGAGGATGTGCTGGTTC

AAACGCCAAGAACGAGGAGA
GTCGGTCATGAGAGCAGTGG

AACAGCCTCAAGTACGTCCG
TCGGTCATGAGGGAAAACGG

AGGAGAAGTCGAAGACGGACT
CTCAGTAGCTGGCCACGTTGA

GATCAAAGAGTTCGCCGCTG
CCATACCGCTTCACCACACA

CACTGTTCCTGGTCGGCTTA
CCCAGCACAACTACACCGAA

: AAGGCCGCGTTATTTGGGTA
: CCTGGTGTCCCTGCTTCAAT

: CAAATGGCTTCGCTGGTCAC

: CGGCGTATGACTACGACCTC

F
R
F
R: TTCGTATGCACACCAGCCTT
F
R

05

: GACTGTACTCCCAGCCGAAC

GAACCACTTTGAGCCGGGTA
GGCCATCGTTCAGGAACTCA

GGGAGATGCCTGATGTGAGT
TCCAGTGCCTGATCCAAAGC

CACGAGCTGACGAGTCTACG
CTTCTTCAGCTCCTCCAGCA

TACCTGACGTGTTGGCAGAC
CACTTGTGAAAAAGGCCGCA

CCGTTTTGTCGATTCACGGC
CAGATGAGCTTCCGTAGCCT

CCCACTCTACCACAACCTGG
ACCTAAAGGTCTGCGTGGTC

GTGGCCATGTACCCCTTCAA
GGGATGGGTTCTCCTGGTTG

TGGACAGGTATGACCCCGAT
ATCTTCTGCAGGTAGTGCCG

TCAGGTCTTCATCACCACCA
GTGGCAACAGCAGCTACTCA
CCCACCCTCGAGACCGA
GCCCAGGACTGTCTTCTTCC
TGGTCACCTTCCATCCATGC
AAGAGGTACAACGAGCCTGC
ACTCCATTGGCCACCGATTT
AGGCCACAGTAAACCACTCG

AGTGTTCGTAGCGGGAAAGC
CGCGAGAACATCAGGGAAGG

Amplicon

length (bp)

273

315

213

184

158

147

198

259

306

230

249

221

174

235

341

278

249

265

202

201

394

240

224

233

10.3389/fanim.2022.911094

Product
identity
(%)*
100%

100%

100%

100%
100%
100%
100%

100%

100%
100%

100%

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

100%

(Continued)
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TABLE 1 Continued

Gene Gene Name Template Accession
number'
SEPHS2 Selenophosphate synthetase 2 NM_001114732.2

Selenoprotein P receptors

LRP2 LDL receptor related protein 2 XM_024983502.1

LRP8 LDL receptor related protein 8 NM_001097565.1

Genes used for calibrating pituitary expression

RPSI11 Ribosomal protein S11 NM_001024568.2
TFRC Transferrin receptor NM_001206577.1
UBC Ubiquitin C NM_001206307.1

Genes used for calibrating liver expression

GAPDH Glyceraldehyde-3-phosphate NM_001034034.2
dehydrogenase

PCK2 Phosphoenol-pyruvate carboxykinase 2~ NM_001205594.1

SDHA Succinate dehydrogenase complex NM_174178.2

flavoprotein subunit A

10.3389/fanim.2022.911094

Oligonucleotide Primer Design (5 Amplicon Product
to 3’ direction) length (bp) identity

(%)*

F: GATCCCTACATGATGGGGCG 219 100%

R: GTTTACCACCGTTTGCCCAC

F: GTGGTTTGGGTTACCGTTGC 304 100%

R: GGCACCCTGTTAGCTGTGAT

F: AGCCACCCTTTTGGGATAGC 231 100%

R: AAGGCACAGGTACTCACAGC

F: AAGATGGCGGACATTCAGAC 214 100%

R: GCCCTCGAATGGAGACATTA

F: CCAGGTTTAGTCTGGCICGG 339 99%

R: GGTCTGCCCAGAATATGCGA

F: TAGGGGTGGGTTAGAGTTCAAG 258 100%

R: ACCACCTCCCTGCTGGTATT

F: ACATCAAGTGGGGTGATGCT 201 100%

R: GGCATTGCTGACAATCTTGA

F: GCAAGCTGTGGATGAGAGGT 203 100%

R: TGACAAAGTCGCCATCTCCC

F: GCAGAACCTGATGCTTTGTG 185 99%

R: CGTAGGAGAGCGTGTGCTT

"The contents in the parentheses associated with each gene symbol are the accession numbers of the sequences retrieved from the NCBI RefSeq database and used as templates for designing

primers and probes.

2All real-time RT-PCR products were validated by sequencing. The identity values (%) presented are the base-pair ratios between the number of identical base pairs and the total amplicon

length.

analyzed by real-time RT-PCR were determined by one-way
ANOVA, using the GLM procedure of SAS and the Se treatment
being the fixed effect. Statistical significance was declared when P
< 0.05, and a tendency to differ was declared when 0.10 > P >
0.05. When P < 0.10, means were separated (P < 0.05) using
Fisher’s LSD procedure.

Results

Study 1

NanoString analysis, which does not involve RNA
amplification, was used to determine the complement of
selenoprotein mRNA transcripts expressed by steer pituitary
(Table 2) and liver (Table 3) tissues. Thus, the use of NanoString
analysis allowed us to profile the relative expression among
selenoprotein mRNA without amplification of transcript copy
numbers, as would be the case if RT-PCR analysis was used.

Pre-study serial RNA dilution experiments (data not
shown) found that detection of mRNA transcript counts were
not linear below 5 copies and, thus, not reliably detected. Using
this 5-count cutoff criterion, the expression of 24 of 25 known
bovine selenoprotein mRNA (all except selenoprotein H) was
detected in the pituitaries (Table 2) of growing steers, and 23 of
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25 bovine selenoprotein mRNA (all except selenoprotein H and
selenoprotein V) was detected in the liver (Table 3).

The abundance of NanoString detected mRNA transcripts
(normalized counts) ranged over five orders of magnitude within
each tissue (Tables 2, 3). For example, in the pituitary,
normalized counts of more than 10,000 were determined for
glutathione peroxidase 3 vs. less than 10 for DIO1 and GPX2. In
the liver, relative counts ranged from more than 35,000 for
selenoprotein P to less than 10 for DIO2.

A hierarchy of count abundance was assessed and found
to exist (P < 0.05) within the isoforms of iodothyronine
deiodinase, glutathione peroxidase, and thioredoxin
reductase in both the pituitary (Table 2) and liver (Table 3).
Specifically, in the pituitary (P < 0.05),
DIO2>DI03>DIO1, GPX3>GPX4>GPX1>GPX6>GPX2,
and TXNRDI1>TXNRD2=TXNRD3. For the Liver (P <
0.05), DIO1>DIO3>DI102, GPX4=GPX1>GPX3=GPX6 and
GPX3>GPX2, TXNRDI>TXNRD2>TXNRD3. Thus,
although the profile of selenoprotein mRNA transcripts
involved with redox potential was almost identical between
the pituitary (Table 2) and liver (Table 3), the magnitude of
abundance differed within and between tissues.

The abundance of transcripts of selenoproteins responsible
for a variety of other metabolic functions also differed
substantially, with counts for SELENOF, SELENOP,
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TABLE 2 NanoString analysis of bovine selenoprotein mRNA abundance (counts) in pituitary tissue of steers grazing high endophyte-infected

forages and receiving inorganic supplemental selenium®.
Gene Gene Description

Todothyronine deiodinases”

DIO2 Todothyronine Deiodinase 2
DIO3 Todothyronine Deiodinase 3
DIO1 ITodothyronine Deiodinase 1

Glutathione peroxidases®

GPX3 Glutathione Peroxidase 3
GPX4 Glutathione Peroxidase 4
GPX1 Glutathione Peroxidase 1
GPX6 Glutathione Peroxidase 6
GPX2 Glutathione Peroxidase 2

Thioredoxin reductases®

TXNRD1 Thioredoxin Reductase 1
TXNRD2 Thioredoxin Reductase 2
TXNRD3 Thioredoxin Reductase 3

Other selenoproteins
MSRB1 (SEPX1, SELENOR)

SELENOF (SEP15) Selenoprotein F

SELENOH® Selenoprotein H
SELENOI (EPT1) Selenoprotein I
SELENOK Selenoprotein K
SELENOM Selenoprotein M
SELENON Selenoprotein N
SELENOO Selenoprotein O
SELENOP Selenoprotein P
SELENOS Selenoprotein S
SELENOT Selenoprotein T
SELENOV Selenoprotein V
SELENOW Selenoprotein W
SEPHS2 Selenophosphate Synthetase 2

Methionine Sulfoxide Reductase B1

Count Standard Deviation
212° 42,0
17° 6.2
8° 4.0
10,889° 3,589
4,217° 371
1,671¢ 159
304 7.2
9¢ 4.8
1,365° 74.0
494° 54.2
312¢ 315
641 62.0
6,214 340
3 1.7
1,125 104
5,234 203
1,394 149
12 7.2
612 493
2,830 497
3,966 217
1,695 165
29 6.5
4,356 299
789 61.4

'The counts are reported relative to the geometric mean expression of the reference genes (MARS, 1,062 + 54; OAT, 4,727 + 113; PAPSSI, 3,466 + 119). Values are least squares means

(n=7).
2Means within a column that lack a common letter differ (P < 0.05).

3Counts below 5 are not considered accurate, thus not expressed, as described in the Results section.

SELENOS, and SELENOW mRNA being at least an order of
magnitude higher than for SELENOH, SELENON, and
SELENOV, in both pituitary (Table 2) and liver (Table 3).

Study 2

To gain insight into the potential relationship between these
Se form treatment-induced clinical differences and
selenoproteins in Study 2 steers, the presence and relative
abundance of selenoprotein mRNA transcripts expressed by
the pituitary and liver tissues was determined. Reverse-
transcription PCR-generated amplicons for the 25 known
bovine selenoprotein genes, selenoprotein P receptor genes
(LRP2, LRP8), and pituitary (RPS11, TFRC, UBC) and liver
(GAPDH, PCK2, SDHA) expression-calibrating genes, were
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generated and sequence-validated using RNA extracted from
the liver or kidney tissues of growing steers. All amplicons had at
least 99% identity with their template sequences (Table 1). In
terms of expression profiling of the selenoprotein transcriptome,
RT-PCR analysis detected mRNA for selenoproteins except for
SELENOH in both pituitary (Table 4) and liver (Table 5).

As noted above, it is widely believed that Se-mediated
biological effects occur through selenoprotein function. In the
pituitary, the relative expression of genes for 9 selenoproteins
and 2 proteins associated with selenoprotein function was
affected (P < 0.05) by Se treatment (Table 4). More
specifically, the MIX treatment solely increased the
expression of SELENON (100%) and TXNRDI1 (41%),
decreased the expression of GPX6 (54%), and increased the
expression of the selenoP receptor LRP8 (65%) while
decreasing the expression of selenoprotein receptor LRP2
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TABLE 3 NanoString analysis of bovine selenoprotein mRNA abundance (counts) in liver tissue of steers grazing high endophyte-infected forages
and receiving inorganic supplemental selenium®.

Gene

Todothyronine deiodinases”
DIO1
DIO3
DIO2

Gene Description

ITodothyronine Deiodinase 1
Todothyronine Deiodinase 3

Iodothyronine Deiodinase 2

Glutathione peroxidases®

GPX4 Glutathione Peroxidase 4
GPX1 Glutathione Peroxidase 1
GPX3 Glutathione Peroxidase 3
GPX6 Glutathione Peroxidase 6
GPX2 Glutathione Peroxidase 2

Thioredoxin reductases®

TXNRD1 Thioredoxin Reductase 1
TXNRD2 Thioredoxin Reductase 2
TXNRD3 Thioredoxin Reductase 3

Other selenoproteins
MSRB1 (SEPX1, SELENOR)

SELENOF (SEP15) Selenoprotein F

SELENOH® Selenoprotein H
SELENOI (EPT1) Selenoprotein I
SELENOK Selenoprotein K
SELENOM Selenoprotein M
SELENON Selenoprotein N
SELENOO Selenoprotein O
SELENOP Selenoprotein P
SELENOS Selenoprotein S
SELENOT Selenoprotein T
SELENOV? Selenoprotein V
SELENOW Selenoprotein W
SEPHS2 Selenophosphate Synthetase 2

Methionine Sulfoxide Reductase B1

Count Standard Deviation
2,257 1,533
11° 1.8
8° 3.6
1,295° 408
L171° 111
371° 495
28 5.60
20° 72
436" 115
302° 21.9
140° 17.3
2,081 252
1,264 192
2 14
449 81.1
895 114
52 13.0
8 41
370 $3.0
35,572 3,353
1,383 166
411 418
4 2.0
1,164 170
1,042 162

'The counts are reported relative to the geometric mean expression of the reference genes (GGCX, 1,245 + 75; MAT2B, 2,375 + 209; ZNF22, 110 + 8). Values are least squares means (n = 8)

2Means within a column that lack a common letter differ (P < 0.05)

3Counts below 5 are not considered accurate, thus not detected, as described in the Results section.

(51%). In addition, the MIX treatment tended (P = 0.08) to
increase the expression of the selenoprotein TXNRD2. In
contrast, the OSe treatment solely increased the expression of
GPX3 (180%), GPX4 (51%), SELENOM (266%), and
SELENOO (62%), and tended (P < 0.08) to increase the
expression of SELENOF and SELENOS mRNA expression,
whereas both MIX and OSe increased MSRB1 (72%, 83%) and
decreased SEPHS2 (27%, 20%) expression, respectively.

In the liver, the Se content (ug/g) among ISe (1.27 + 0.08),
OSe (1.28 + 0.17), and MIX (1.25 + 0.28) steers did not differ (P
= 0.942). In contrast, the relative expression of five
selenoproteins was affected (P < 0.05) by Se treatment
(Table 5). More specifically, MIX solely increased the
expression of SELENOO (20%) and SELENOS (44%), and
tended to decrease the expression of DIO3 (P = 0.09) and
increase expression of GPX4 (P = 0.07). In contrast, the OSe
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treatment solely decreased expression of TXNRD2 (21%) and
tended (P = 0.09) to decrease the expression of SEPHS2, whereas
both MIX and OSe increased the expression of TXNDRI (35%,
36%) and SELENOT (35%, 40%), respectively, and tended (P =
0.06) to decrease the expression of SELENOP.

Discussion

Complement and abundance of
selenoprotein mRNA expressed by
bovine pituitary and liver

To our knowledge, this is the first report characterizing the
complete selenoprotein transcriptome expressed by bovine

frontiersin.org


https://doi.org/10.3389/fanim.2022.911094
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Li et al.

10.3389/fanim.2022.911094

TABLE 4 Real-time RT-PCR-determined relative expression of selenoprotein genes in pituitary tissue of steers grazing endophyte-infected
tall fescue and supplemented with 3 mg Se/d in vitamin-mineral mixes as either sodium selenite (ISe), SEL-PLEX (OSe), or a 1:1 mix of ISe

and OSe (MIX)™.

Gene Gene Name
DIO1 Iodothyronine deiodinase 1
DIO2 Todothyronine deiodinase 2
DIO3 Iodothyronine deiodinase 3
GPX1 Glutathione peroxidase 1
GPX2 Glutathione peroxidase 2
GPX3 Glutathione peroxidase 3
GPX4> Glutathione peroxidase 4
GPX6 Glutathione peroxidase 6
TXNRD1 Thioredoxin reductase 1
TXNRD2 Thioredoxin reductase 2
TXNRD3 Thioredoxin reductase 3

MSRBI (SELENOR, SEPX1)
SELENOF (SEP15)

Methionine sulfoxide reductase B1

Selenoprotein F

SELENOH Selenoprotein H
SELENOI (EPT1) Selenoprotein I
SELENOK Selenoprotein K
SELENOM Selenoprotein M
SELENON Selenoprotein N
SELENOO Selenoprotein O
SELENOP Selenoprotein P
SELENOS Selenoprotein S
SELENOT Selenoprotein T
SELENOV Selenoprotein V
SELENOW Selenoprotein W
SEPHS2 Selenophosphate synthetase 2

LRP2 (Megalin)*
LRP8 (APOER2)*

LDL receptor related protein 2

LDL receptor related protein 8

ISe MIX OSe P-value
1.00 1.17 0.79 0.40
1.01 1.30 1.30 0.39
1.00 1.08 1.36 0.22
1.06 1.03 0.98 0.95
1.01 0.88 0.83 0.35
1.00* 1.56 2.80° 0.01
1.00* 1.28%° 1.51° 0.05
1.00* 0.46° 0.69™° 0.03
1.00° 1.42° 0.98* 0.01
1.00* 1.73° 1.58% 0.08
1.02 135 1.49 0.13
1.00* 1.72° 1.82° 0.05
1.00* 1.24% 137° 0.08
ND? ND? ND? —
1.00 133 1.01 0.19
1.00 132 1.42 0.55
1.01% 237 3.66° 0.01
1.00* 2.00° 1.61%° 0.01
1.01% 1.29%° 1.64° 0.03
1.01 1.11 1.10 0.56
1.02° 1.25% 1.41° 0.07
1.01 1.08 1.17 0.46
1.04 112 112 0.81
1.02 1.10 1.03 0.83
1.01° 0.74° 0.81° 0.02
1.01% 0.49° 0.68%° 0.02
1.01° 1.67° 1.34% 0.03

"The abundance of gene transcripts are reported normalized to the mean expression of the ISe treatment values, after calibrating to the geometric mean expression of RPS11, TERC, and
UBC. Values are least squares means (n = 6 for ISe, n = 7 for OSe and MIX). Means within a row that lack a common letter differ (P < 0.05).

*Data previously reported (Li et al., 2019).
*Not detected.
“Selenoprotein-associated gene.

pituitary or liver tissue. Both NanoString analysis and real-time
RT-PCR analyses essentially identified the same 24 of the 25
known (Kryukov et al., 2003; Mariotti et al., 2012) mammalian
selenoproteins (all but SELENOH) in pituitary and liver tissues,
except that the number of SELENOV mRNA counts (4) was one
below the technical limit of the assay’s detection minimum
(5 counts).

An important feature of NanoString analysis is that
potential differences in the abundance of different
selenoprotein mRNA species can be determined within a
tissue. Thus, assuming that mRNA transcript abundance
equals physiological capacity, then important insights can be
gained regarding the relative importance of selenoproteins with
similar biochemical function to the physiological capacity of the
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tissue. For example, the order of magnitude for the
iodothyronine deiodinases and glutathione peroxidases are not
the same for the pituitary and liver.

A limitation of this project is that RNA was extracted from
homogenates of the whole pituitary and the right lobe of the
liver. As such, any differences in selenoprotein mRNA profiles
and relevant content among discrete cell types of the anterior
and posterior pituitaries can not be discerned. Similarly, for the
liver, differences in selenoprotein and mRNA species and
content can not be discerned between pericentral- and
periportal-like hepatocytes comprising the hepatic acinus.
Nonetheless, the findings of this project suggest some initial
selenoproteins targets for subsequent cell type- and region-
specific analysis of the localization of selenoprotein expression.
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TABLE 5 Real-time RT-PCR-determined relative expression of selenoprotein genes in liver tissue of steers grazing endophyte-infected tall fescue
and supplemented with 3 mg Se/d in vitamin-mineral mixes as either sodium selenite (ISe), SEL-PLEX (OSe), or a 1:1 mix of ISe and OSe (MIX)".

Gene Gene Name
DIO1 Todothyronine deiodinase 1
DIO2 Todothyronine deiodinase 2
DIO3 Todothyronine deiodinase 3
GPX1 Glutathione peroxidase 1
GPX2 Glutathione peroxidase 2
GPX3 Glutathione peroxidase 3
GPX4 Glutathione peroxidase 4
GPX6 Glutathione peroxidase 6
TXNRD1 Thioredoxin reductase 1
TXNRD2 Thioredoxin reductase 2
TXNRD3 Thioredoxin reductase 3

MSRB1 (SELENOR, SEPX1)
SELENOF (SEP15)

Methionine sulfoxide reductase B1

Selenoprotein F

SELENOH Selenoprotein H
SELENOI (EPT1) Selenoprotein I
SELENOK Selenoprotein K
SELENOM Selenoprotein M
SELENON Selenoprotein N
SELENOO Selenoprotein O
SELENOP Selenoprotein P
SELENOS Selenoprotein S
SELENOT Selenoprotein T
SELENOV Selenoprotein V
SELENOW Selenoprotein W
SEPHS2 Selenophosphate synthetase 2

LRP2 (Megalin)®
LRP8 (APOER2)?

LDL receptor related protein 2

LDL receptor related protein 8

1Se MIX 0OSe P-value
1.01 1.87 1.83 0.38
1.02 111 1.10 0.90
1.00* 0.64° 0.79% 0.09
1.02 0.96 0.91 0.73
1.00 0.74 1.05 0.13
1.01 0.44 0.64 0.21
1.01% 1.57° 1.32%° 0.07
1.01 0.37 0.55 0.27
1.01° 1.36° 137° 0.05
1.01° 0.95° 0.80° 0.02
1.02 1.04 0.98 0.89
1.01 1.00 0.87 0.47
1.01 0.94 0.85 0.19
ND? ND? ND? —
1.02 1.07 1.01 0.87
1.01 1.03 1.04 0.99
1.00 0.88 0.95 0.94
1.00 112 1.16 0.39
1.01* 121° 1.01* 0.04
1.01% 0.85° 0.82° 0.06
1.02° 1.47° 1.13° 0.01
1.00* 1.35° 1.40° 0.01
1.00 1.02 0.86 0.77
1.01 0.86 0.85 0.44
1.02%° 1.18° 0.96" 0.09
1.01 0.89 0.81 0.19
1.04 0.81 115 0.28

"The abundance of gene transcripts are reported normalized to the mean expression of the ISe treatment values, after calibrating to the geometric mean expression of GAPDH, PCK2, and
SDHA. Values are least squares means (n = 6 for ISe, n = 8 for OSe and MIX). Means within a row that lack a common letter differ (P < 0.05).

“Not detected.
*Selenoprotein-associated gene.

Effect of Se form on expression of
selenoprotein and selenoprotein-
associated protein genes

Selenoprotein function is critical to maintain redox capacity
of highly metabolic tissues, thus cellular metabolic capacity
(Matmiller et al., 2013; Labunskyy et al., 2014; Burk and Hill,
2015). We have reported that consumption of forages that
contain endophyte-infected tall fescue decreases the mRNA
content of a number of genes, including 7 selenoproteins by
the liver, pituitary, or both, of growing steers (Liao et al., 2015; Li
et al, 2019), and that the expression of some of these
selenoprotein genes is increased by supplementing the MIX or
OSe vs. ISe forms of Se (Jia et al., 2018; Li et al., 2019). These
findings led us to ask the question: How many of the 25 bovine
selenoprotein genes are sensitive to the form of supplemental
dietary Se in growing cattle?

Frontiers in Animal Science

In Study 2, the pituitary selenoprotein transcriptome was
more responsive than the liver to the form of supplemental Se
consumed. Of the mRNA species with altered content, only
TXNRD1 was affected similarly (increased by MIX treatment)
in both the pituitary and liver. Consequently, we accept the
hypothesis that the pituitary and hepatic selenoprotein mRNA
content of steers raised on MIX versus ISe forms of
supplemental Se, and consumed MIX versus ISe forms of
supplemental Se, while undergoing summer-long
consumption of toxic endophyte-infected tall fescue, differed.
When these findings are considered with our recent report that
the mRNA content of GPX6, selenoprotein P, selenoR, and
selenoV is increased in the corpus luteum (another high
metabolic activity tissue) of MIX versus ISe replacement beef
heifers (Carr et al., 2022), it seems reasonable to conclude that
supplementation of cattle with different forms of Se affects the
expressed selenoprotein transcriptome.
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Physiological consequence of Se form-
induced alteration of selenoprotein
transcriptomes

Whereas many studies evaluating the effect of supplemental
Se on selenoprotein expression or activity have used a Se-
deficient vs. Se-supplementation model, our research has
focused on understanding the effect of Se form (inorganic,
organic, blend of inorganic and organic sources) using a Se-
adequate model because most commercial beef producers use
some form of supplemental Se to avoid Se deficiency. To date,
our research has shown that the form (inorganic, organic, 1:1
mix of inorganic:organic) of supplemental (3 mg/d) dietary Se
affects the concentration of Se in whole blood and expression of
certain genes in the testes of neonatal calves (Cerny et al., 2016),
livers of replacement beef heifers (Matthews et al., 2014), and
livers (Jia et al., 2018) and pituitaries (Li et al., 2019) of growing
beef steers. Most recently, we have reported (Jia et al., 2018; Jia
et al,, 2019) that the whole blood concentration of Se in Study 2
steers was greater for OSe (11%) and MIX (7.5%) vs. ISe steers,
indicating a greater whole-body Se assimilation for OSe and
MIX steers. In addition, the OSe and MIX steers of Study 2 had
greater concentrations of serum prolactin and albumin (Jia et al.,
2018), and serum alkaline phosphatase activity (Jia et al., 2019)
than ISe steers, and were positively correlated with whole blood
Se concentrations.

Despite these identified Se form-altered physiological
parameters, a limitation of the present study is that potential
differences in selenoprotein activity of differentially expressed
mRNA was not determined. Thus, as with most genomic and
targeted mRNA studies, the reader is cautioned to keep this
limitation in mind when considering the physiologic
consequences of reported Se form-induced changes in
selenoprotein mRNA content.

In the pituitary, Se treatments had a combination of similar
and dissimilar effects on expression of selenoproteins. With
regard to redox potential, the increased expression of
methionine sulfoxide reductase Bl (MSRB1) mRNA in both
MIX and OSe steers suggests that the organic forms of Se
resulted in a greater capacity to reduce the R-isomer of
oxidized methionine-sulfoxide back to methionine in the
nucleus and cytosol (Kim and Gladyshev, 2004), thus a greater
capacity to repair oxidative-damaged proteins (Krukov et al,
2002). Although we only measured MSRB1 mRNA content, and
not MSRBI protein content or activity, in human hepatic
carcinomas, the expression of MSRBI protein has been shown
to be transcriptionally regulated (He at al., 2018).

Of note, pituitary expression was increased for the two
glutathione peroxidases (GPX3, GPX4) and two thioredoxin
reductases (TXNRD1, TXNRD2) that had the greatest basal
mRNA abundance in OSe and MIX steers, respectively. The
OSe-stimulated increase in GPX3 (secreted extracellularly) and
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GPX4 (functions in the cytosol) suggests that the pituitaries of
OSe steers might have a greater blood and pituitary cell (cytosol)
potential than ISe steers to reduce hydrogen peroxide and lipid
hydroperoxides at the expense of oxidizing glutathione (Flohe,
2012; Sies et al., 2017). From a whole-animal perspective, the
physiological consequence of (a) the high basal expression of
GPX3 in the pituitary, and (b) that the increase in GPX3
expression was the greatest relative increase of any gene to Se
form treatment is not clear, especially given that GPX3 is a
secreted protein. In contrast to the pituitaries of OSe steers, MIX
steers had an increased expression of TXNRD 1 and TXNRD 2
relative to ISe steers, indicating that the pituitaries of MIX steers
might have a greater capacity to regenerate thioredoxin in the
nucleus and cytosol, and mitochondrial, respectively (Avery and
Hoffmann, 2018).

Selenoprotein P and its receptors

Unlike most other mammalian selenoproteins that usually
contain one selenocysteine (Sec) residue, selenoprotein P
contains 9 to 12 Sec residues (Read et al., 1990), with bovine
selenoprotein P containing 12 Sec residues (Mostert, 2000).
Although its mRNA is ubiquitously expressed, selenoprotein P
is mainly synthesized and secreted by the liver (Labunskyy et al.,
2014), and accounts for approximately 50% of the total Se in
plasma (Burk and Hill, 2005). Selenoprotein P mRNA was the
most abundant selenoprotein transcript in the liver. In the
pituitary, selenoprotein P mRNA was moderately expressed
relative to other selenoprotein mRNA.

The main function of selenoprotein P is thought to be that of
Se transport, delivery, and storage (Burk et al., 1991; Saito and
Takashi, 2002). There are two known endocytic selenoprotein P
receptors that enable the tissue-specific absorption of
selenoprotein P by extrahepatic cells, lipoprotein-receptor-
related protein 8 (LRPS8, a.k.a. apoER2), (Olson et al., 2007)
and LRP2 (a.ka. megalin; (Olson et al, 2008). Both of these
receptors are members of the low-density lipoproteinreceptor
family and recognize a wide variety of substrates besides
selenoprotein P (Marzolo and Farfan, 2011). LRP8 is lowly
expressed by mouse liver tissue relative to other tissues (Burk
and Hill, 2015), whereas the reported expression of LRP8 by the
pituitary is unknown to the authors. Similar to LRP8, LRP2 is
lowly expressed by rodent liver (Claudius et al, 2007). In
contrast to LRP8, LRP2 is highly expressed by the
folliculostellate cells in the anterior pituitary tissue of rats
(Claudius et al., 2007).

In Study 2, pituitary expression of SELENOP was not
affected by Se treatment, whereas expression of LRP2 was
decreased and LRP8 increased in MIX steers. Because the
hierarchy that exists for Se assimilation among tissues is
thought to be largely determined by the binding of liver-
produced circulating selenoprotein P by LRP8 (Burk and Hill,
2015), these findings suggest that the pituitaries of MIX steers
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may have had a greater capacity to absorb SelP from the blood
than ISe steers. However, the actual physiological significance of
these findings remains to be determined, especially given that the
blood concentration of Se was 7.5% greater in MIX than ISe
steers of this study, as previously reported (Jia et al., 2018), even
though expression of SelP mRNA content tended to be lower
than ISe steers and liver secretion of SelP is thought to greatly
affect the concentration of Se in blood (Labunskyy et al., 2014).
In addition, because selenoprotein P is not the only ligand of
LRPS, other changes in MIX steers may be directly responsible
for the increased expression of LRP8 in MIX steer liver.

Other selenoproteins

As described above, the mRNA content of selenoproteins M,
N, and O in steer pituitaries, and selenoproteins O, S, and T in
the liver, were affected by Se treatment. Because the biochemical
functions of these proteins have not been clearly defined, the
specific physiological consequence of these ostensible shifts in
metabolic capacity is not clear. However, in the pituitary,
SELENOM (selenoprotein M), which showed the greatest
relative increased mRNA content in response to Se treatment,
is proposed to be involved both in protection against oxidative
damage by H,O, and regulation of Ca®" release from ER in
neurons (Reeves et al., 2010). Selenoprotein O has been localized
to the mitochondria, where it is thought to increase the redox
potential (Han et al., 2014). Thus, the increased expression of
SELENOM and SELENOO in OSe vs. ISe steers, presumably
enhances the metabolic capacity of OSe steers. In contrast, the
physiological consequence of the increased expression of
SELENON in the pituitaries of MIX vs. ISe steers pituitaries is
less obvious. Although Selenoprotein N plays a role in
maintenance of muscle progenitor satellite cells and
regeneration of impaired skeletal muscle (Castets et al., 2010),
its role in other tissues is unknown.

Because the expression of seven other selenoprotein genes
were greater for OSe than ISe steers, an unexpected finding was
that pituitary expression of SEPHS2 was less in OSe than ISe
steers. This finding seems incongruous with the understanding
that selenophosphate synthetase 2 is required for selenoprotein
synthesis, as it catalyzes the conversion of selenide to active Se
donor selenophosphate (Xu et al., 2007). Thus, the significance of
a reduced expression of SEPHS2 mRNA in the pituitary of OSe
steers is unclear, especially given the increased concentration of Se
in the blood of OSe versus ISe steers. However, liver expression of
SEPHS2 decreases in lambs supplemented with ISe versus no Se
supplementation and that had increased plasma concentrations of
Se (Juszczuk-Kubiak et al., 2016).

The liver of MIX steers had greater expression of SELNOO
and SELENOS relative to ISe and OSe steers, whereas both MIX
and OSe steers had greater expression of SELENOT than ISe
steers. Selenoprotein S is localized to the ER membrane and
proposed to be involved in degradation of misfolded proteins
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(Labunskyy et al,, 2014) and regulation of inflammatory and
immune response (Curran et al., 2005; Gao et al,, 2006). Like
selenoprotein S, selenoprotein T is localized to the ER membrane
(Shchedrina et al,, 2010). Unlike selenoprotein S, selenoprotein
T is thought to be involved in regulating Ca2* homeostasis and,
in keeping, sensitive to pituitary adenylate cyclase-activating
peptide regulation (Grumolato et al, 2008; Youssef et al,
2018). Overall, this pattern of differential sensitivity to Se
treatment indicates that MIX steers had a greater capacity to
support hepatic metabolism than did ISe steers.

RT-PCR analysis found no difference in pituitary or liver
tissue content of selenoprotein I, K, V, or W mRNA. Although
the expression of selenoprotein W has been reported to be
regulated by the availability of dietary Se (Howard et al,
2013), and by form of Se (Matthews et al., 2014), in this study
the form of Se did not affect expression of SELENOW in either
pituitary or liver tissue.

Summary

The expressed selenoprotein transcriptome has been
characterized for the pituitary and liver of growing steers. The
mRNA for 24 of 25 known bovine selenoproteins were detected
in the pituitaries of growing beef steers grazing a pasture with
low amounts of endophyte-infected tall fescue, whereas the
mRNA for 23 selenoproteins were detected in their livers
(Study 1). The expression of selenoprotein mRNA transcripts
ranged over 5 orders of magnitude (<10 to >10,000). A hierarchy
of count abundance was found within the isoforms of
iodothyronine deiodinase, glutathione peroxidase, and
thioredoxin reductase in both tissues.

Consumption of 3 mg Se/d in vitamin-mineral mixes as ISe,
OSe, or MIX treatments differentially affected the expression of
selenoprotein genes in both pituitaries and livers of growing beef
steers commonly grazing an endophyte-infected tall fescue pasture.
Most of the affected genes were either up-regulated by OSe or MIX
treatments relative to ISe. The change in selenoprotein gene
expression in pituitaries indicates that OSe steers have a greater
potential capacity to manage against oxidative damage, maintain
cellular redox balance, and have a better quality control of protein-
folding in their pituitaries than ISe steers. The change in
selenoprotein gene expression by the liver indicates that MIX
steers have a greater redox signaling capacity and capacity to
manage oxidative damage than ISe steers. We conclude that
inclusion of 3 mg Se/d OSe or MIX forms of Se in free-choice
vitamin-mineral mixes alters the selenoprotein transcriptome of
both the pituitary and liver of growing steers consuming a Se-
deficient (0.07 ppm) endophyte-infected tall fescue forage, in an
ostensibly positive manner, consistent with the Se treatment-
specific amelioration of important markers of fescue toxicosis in
these same steers (Jia et al., 2018; Li et al., 2019; Jia et al.,, 2019).
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Glossary

ANOVA
DIO1
DIO2
DIO3
GAPDH
GPX1
GPX2
GPX3
GPX4
GPX6

ISe

LRP2
LRP8

MIX
mRNA
MSRB1
PCK2

OSe

RPS11
RT-PCR
SDHA

Se
SELENOF
SELENOH
SELENOI
SELENOK
SELENOM
SELENON
SELENOO
SELENOP
SELENOS
SELENOT
SELENOV
SELENOW
SEPHS1
SEPHS2
TFRC
TXNRD1
TXNRD2
TXNRD3
UBC

analysis of variance

Iodothyronine deiodinase 1
Todothyronine deiodinase 2
Iodothyronine deiodinase 3
Glyceraldehyde-3-phosphate dehydrogenase
Glutathione peroxidase 1

Glutathione peroxidase 2

Glutathione peroxidase 3

Glutathione peroxidase 4

Glutathione peroxidase 6

Inorganic selenium

LDL receptor related protein 2

LDL receptor related protein 8

1:1 blend of ISe and OSe

Messenger RNA

Methionine sulfoxide reductase B1
Phosphoenol-pyruvate carboxykinase 2
Organically-bound selenium

Ribosomal protein S11

Reverse transcription-polymerase chain reaction

Succinate dehydrogenase complex flavoprotein subunit A

Selenium

Selenoprotein F
Selenoprotein H
Selenoprotein I
Selenoprotein K
Selenoprotein M
Selenoprotein N
Selenoprotein O
Selenoprotein P
Selenoprotein S
Selenoprotein T
Selenoprotein V
Selenoprotein W
Selenophosphate synthetase 1
Selenophosphate synthetase 2
Transferrin receptor
Thioredoxin reductase 1
Thioredoxin reductase 2
Thioredoxin reductase 3

Ubiquitin C
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